Cerebral blood flow (CBF) provides an indication of the metabolic status of the cortex and may have utility in elucidating preclinical brain changes in persons at risk for Alzheimer's disease (AD) and related diseases. In this study, we investigated CBF in 327 wellcharacterized adults including patients with AD (n = 28), patients with amnestic mild cognitive impairment (aMCI, n = 23), older cognitively normal (OCN, n = 24) adults, and asymptomatic middle-aged adults (n = 252) with and without a family history (FH) of AD. Compared with the asymptomatic cohort, AD patients displayed significant hypoperfusion in the precuneus, posterior cingulate, lateral parietal cortex, and the hippocampal region. Patients with aMCI exhibited a similar but less marked pattern of hypoperfusion. Perfusion deficits within the OCN adults were primarily localized to the inferior parietal lobules. Asymptomatic participants with a maternal FH of AD showed hypoperfusion in hippocampal and parietofrontal regions compared with those without a FH of AD or those with only a paternal FH of AD. These observations persisted when gray matter volume was included as a voxel-wise covariate. Our findings suggest that having a mother with AD might confer a particular risk for AD-related cerebral hypoperfusion in midlife. In addition, they provide further support for the potential utility of arterial spin labeling for the measurement of AD-related neurometabolic dysfunction, particularly in situations where [18F]fluorodeoxyglucose imaging is infeasible or clinically contraindicated.
Introduction
Parental family history (FH) of sporadic Alzheimer's disease (AD) is an established risk factor for the development of the disease (Jarvik et al. 2008) . Population studies suggest that, among cognitively normal elders, first-degree relatives of AD probands could, in some cases, be at a 10-fold increased risk of developing the disease compared with peers without an AD-affected relative (Silverman et al. 2005) . Further support for the unique contribution of FH to the risk of AD comes from neuroimaging and biomarker studies that have indicated that the deleterious effect of FH on AD-vulnerable brain regions and molecular markers is comparable in magnitude to, and generally independent of, the effect attributable to apolipoprotein E ɛ4 allele (APOE4), the only established genetic risk factor for sporadic AD (Johnson et al. 2006 Cerebral hypometabolism, typically indexed using [18F] fluorodeoxyglucose positron emission tomography (FDG-PET) , is now a well-recognized feature of AD and has a distinct topography that spans the temporoparietal association cortices, precuneus, posterior cingulate, and frontal association cortices (Herholz et al. 2007) . Because cerebral metabolism is generally tightly coupled to cerebral blood flow (CBF; Fox and Raichle 1986) , arterial spin labeling (ASL)-which provides a direct assessment of CBF using magnetic resonance imaging (MRI)-is a viable surrogate for FDG-PET, particularly because it is noninvasive, rapidly repeatable, can be acquired within a short amount of time (∼5 min), and does not involve exposure to radiation . Investigations of CBF in AD have revealed the existence of a characteristic pattern of cerebral hypoperfusion that is remarkably analogous to the topography of hypometabolism in AD (Johnson et al. 2005; Chen, Wolk, et al. 2011; Musiek et al. 2012) .
A limited number of studies have suggested that ASL CBF may be sensitive to neurometabolic alterations among persons with risk factors for AD including individuals with mild cognitive impairment (MCI; Johnson et al. 2005; Xu et al. 2007; Chao et al. 2009; Dai et al. 2009; Bangen et al. 2012 ) and cognitively normal adults who have a FH of AD and/or carry the APOE4 allele (Fleisher et al. 2009; Filippini et al. 2011) ; with the latter set of studies yielding inconsistent findings. However, only recently has the ASL methodolgy become more fully developed and readily available across major scanner vendors (Alsop 2012) , suggesting the need for a renewed evaluation of the utility of ASL CBF within the context of AD, from its preclinical stages to frank dementia. Therefore, in this cross-sectional study, we used a whole-brain CBF sequence with established fidelity (Gevers et al. 2011 ) to evaluate resting CBF in a large sample (n = 327) of wellcharacterized adults spanning the AD spectrum from at-risk cognitively healthy middle-aged individuals to patients with probable AD.
To further establish the validity of the ASL technique in our hands (Xu et al. 2010) , we first investigated CBF alterations in older cognitively normal (OCN) adults, persons with amnestic MCI (aMCI), and those with mild AD compared with an asymptomatic middle-aged reference group who were APOE4− and had no FH of AD. Then, because the preclinical stages of AD is where the least scientific progress has been made to date and where the greatest clinical gains can be achieved with respect to the prevention of the disease, we focused our analyses within the asymptomatic cohort with the goal of elucidating the effects of FH and APOE4 on CBF. We especially concentrated on determining the potential effect of "parent of origin" on CBF based on prior evidence that the sex of the AD-affected parent may be influential, with maternal FH imparting a greater risk (Mosconi et al. 2007; Bendlin et al. 2010; Honea et al. 2010) . Finally, we investigated associations between CBF and cognitive performance across 6 cognitive domains in this asymptomatic cohort.
Materials and Methods

Participants
Two hundred fifty-two middle-aged adults were recruited from the Wisconsin Registry for Alzheimer's Prevention (WRAP) cohort into this neuroimaging study. The WRAP is a longitudinal registry of approximately 1500 middle-aged adults who were cognitively healthy and between the ages of 40 and 65 at study entry (Sager et al. 2005) . Of these recruited 252 individuals, 177 persons had at least one parent with a reported diagnosis of AD (FH+ group; 50% APOE4+) and the other 75 individuals reported no FH of AD (FH− group; 21% APOE4+). Of the 177 FH+ participants, 111 persons had a maternal history of AD (mFH+; 51% APOE4+), 54 had a paternal history ( pFH +; 50% APOE4+), and 12 had both parents afflicted with AD (mpFH+; 33% APOE4+).
To verify the diagnosis of AD in the parent, parental medical records were obtained (including autopsy reports when available) and reviewed by a multidisciplinary diagnostic consensus panel at the Wisconsin Alzheimer's Disease Research Center (WADRC). In the majority of cases, the parent's clinical work-up and diagnosis of AD had occurred at the University of Wisconsin Memory Clinics. The absence of a FH of AD was verified through detailed medical history surveys and phone interview with the participants. Inclusion in the FH− group required that the father survives to at least age 70 and the mother to age 75 without incurring a formal diagnosis of dementia or exhibiting cognitive deterioration.
This study also included data from 24 OCN adults, 23 persons with aMCI, and 28 persons with mild AD who were enrolled in the WADRC. These individuals were diagnostically characterized in the WADRC's multidisciplinary consensus conferences using applicable clinical criteria (McKhann et al. 1984; Petersen et al. 2001) . The underlying etiology for all aMCI cases was attributed to AD. Sixteen cases (70%) had isolated memory impairment, whereas 7 had additional impairments in other cognitive domains. For these multidomain cases, additional domains of impairment were executive function (n = 5), language (n = 1), and executive function plus language (n = 1). The University of Wisconsin Institutional Review Board approved all study procedures and each participant provided signed informed consent before participation.
Neuropsychological Assessment
The 252 participants recruited from WRAP completed a comprehensive neuropsychological battery (Sager et al. 2005 ) that included the Clinical Dementia Rating Scale (CDR), the Mini-Mental State Exam (MMSE), and other psychometric measures that span traditional cognitive domains of memory, attention, executive function, language, and visuospatial ability. An earlier factor analytic study of psychometric measures within the larger WRAP cohort showed that these tests map onto 6 cognitive factors-Immediate Memory, Verbal Learning and Memory, Working Memory, Speed and Flexibility, Visuospatial Ability, and Verbal Ability (see Table 1 for the full listing of each factor's constituent tests). These factor scores were used in our evaluation of the association between CBF and cognition in this study. Those participants enrolled in the WADRC also underwent an extensive neuropsychological evaluation, consisting of all components of the National Alzheimer's Coordinating Center's Uniform Dataset (Weintraub et al. 2009 ).
Neuroimaging Protocol
The MRI scans were acquired in the axial plane on a GE ×750 3.0-T scanner with an 8-channel phased array head coil (General Electric, Waukesha, WI). Three-dimensional (3D) T 1 -weighted inversion recovery-prepared spoiled gradient echo scans were collected using the following parameters: inversion time (TI)/echo time (TE)/repetition time (TR) = 450 ms/3.2 ms/8.2 ms, flip angle = 12°, slice thickness = 1 mm no gap, field of view (FOV) = 256, matrix size = 256 × 256. Resting CBF assessments were made using backgroundsuppressed pseudocontinuous ASL ( pcASL; Ye et al. 2000; Dai et al. 2008 ) featuring a 3-D fast spin echo spiral sequence that utilizes a stack of variable-density spiral 4-ms readout and 8 interleaves. Scan parameters included TE/TR = 10.5 ms/4.9 s, slice thickness = 4 mm no gap, FOV = 240, matrix size = 128 × 128, number of excitations = 3, and labeling radiofrequency (RF) amplitude = 0.24 mG. Multislice spin labeling was implemented using a single coil that eliminates offresonance errors (Garcia et al. 2005 ). Due to a protocol change during the course of the study, post-labeling delay was 1525 ms for some participants (69% of sample) and 2025 ms for others. Accordingly, this measure was included as a covariate in all CBF analyses to control for any potential effect, it may have had on CBF quantitation. The three acquisitions that comprise the pcASL sequence (i.e., NEX = 3) were averaged to improve signal-to-noise ratio. The pcASL sequence also included a fluid-suppressed proton density (PD) acquisition, with the same imaging sequence/image slab location as the pcASL but without the RF-labeling preparation, for CBF flow quantitation and image registration. The entire pcASL sequence-all 3 excitations plus PD scan-lasts 4 min and 27 s. To preserve the fidelity of the CBF assessment, scanning was done after a minimum 4-h fast from food, tobacco, caffeine, and medications with vasomodulatory properties. We have previously reported excellent test-retest reliability (r > 0.95) of this pcASL procedure (Xu et al. 2010) .
Image Processing
The CBF images were processed using SPM8 (www.fil.ion.ucl.ac.uk/ spm). The procedure essentially involved registering each participant's co-localized PD image to their T 1 volume, applying the derived transformation matrix to their average quantitative CBF map, then spatially normalizing the T 1 volume and associated CBF image to the Montreal Neurological Institute (MNI) template, with resampling to a 2 × 2 × 2 mm voxel size. The normalized CBF maps were then smoothed using an 8-mm full-width at half-maximum Gaussian kernel. We corrected for inter-individual variations in global perfusion by scaling each voxel in the CBF map by the mean whole-brain CBF. To focus our analyses on brain regions known to be implicated in AD and reduce the risk of false-positive errors, we 1) imposed an a priori anatomical mask (Fig. 1 ) that included the bilateral superior and middle frontal cortices, superior and inferior parietal lobules, precuneus, posterior cingulate, parahippocampal gyrus, amygdala, and hippocampus using the WFU PickAtlas toolbox (Maldjian et al. 2003) and 2) masked the CBF maps using SPM8's gray matter (GM) tissue priors in order to minimize the inclusion of white matter and cerebrospinal fluid in our analyses. For descriptive purposes, the FreeSurfer image analysis suite (http://surfer.nmr.mgh.harvard.edu/) was used to extract mean CBF values in the entire cortical mantle and within each of the 9 regions in our anatomical mask (Table 1 ). In brief, this was accomplished by first rendering each participant's native T 1 volume in FreeSurfer space, co-registering their PD and average CBF images to this FreeSurfer-rendered T 1 volume, and then using FreeSurfer's APARC + ASEG template as a mask for extracting mean CBF values in the regions of interest.
Statistical Analysis
Data describing participants' baseline characteristics were analyzed using SPSS 20.0 (IBM Corp., Armonk, NY). To delineate changes in CBF across the AD spectrum, we fitted a voxel-wise analyses of covariance in SPM8 that compared CBF in each of the OCN, MCI, and AD groups to CBF in the asymptomatic (i.e. WRAP) cohort, with age, sex, and post-labeling delay as covariates. For this initial set of analyses, we utilized data from only those asymptomatic participants who had neither a FH of AD nor carried an APOE4 allele (FH-APOE4−, n = 59, mean age = 62.03 ± 5.81, 69.5% female). We specifically chose the FH-APOE4− group as the reference group in this initial set of analyses because they were devoid of established risk factors for AD, i.e. age, FH of AD, and APOE4 carriership. Thus, they provide a "reference" of sorts as to what CBF should be in the absence of compromising risk factors for AD. Within the asymptomatic cohort, we also fitted age-, sex-, and post-labeling delay-adjusted voxel-wise ANCOVAs to assess the respective effects of FH, APOE4 status, and parent of origin on CBF, with APOE4 status being an additional covariate in the FH and parent-of-origin analyses. Lastly, within the asymptomatic cohort, we investigated voxel-wise associations between each of the 6 cognitive domains and CBF using a multiple regression framework that adjusted for age, education, and postlabeling delay. For all the CBF analyses described above, only clusters with a minimum of 101 contiguous voxels and P voxel <0.005 were deemed significant. This a priori threshold was derived via Monte Carlo simulations (3dClustSim, AFNI, http://afni.nimh.nih.gov). These are factor scores derived from a factor analysis of the battery of tests administered to the asymptomatic cohort. Tests listed below each factor are the components of that factor. See Dowling et al. (2010) for details.
f These values have been adjusted for differences in post-labeling delay. They are presented for descriptive purposes. Hence, no statistical comparisons were performed. *Reported P-value is for an omnibus test of group difference. Table 1 details the baseline characteristics of the study participants. The AD group had proportionately more APOE+ individuals than the asymptomatic and OCN groups. They also had fewer years of schooling than the asymptomatic, OCN, and MCI groups. There were proportionately more women in the asymptomatic cohort than the other 3 groups. Similarly, the asymptomatic cohort was younger than the other groups. As expected, the AD group had worse clinical/cognitive status than the other 3 groups, and the MCI group was more impaired than the asymptomatic and OCN groups. The OCN group differed from the asymptomatic group on measures of episodic memory, but not on the CDR or MMSE.
Results
Baseline Characteristics
CBF Findings
Alterations in CBF Across the AD Spectrum Table 2 summarizes our analyses of differences in CBF within the OCN, MCI, and AD groups compared with the FH− APOE4− asymptomatic individuals. The AD group ( Fig. 2A ) exhibited hypoperfusion in a large cluster comprising portions of the bilateral inferior and superior parietal lobules, precuneus, and posterior cingulate cortex. Additionally, hypoperfusion was evident in the right superior, medial, and middle frontal gyri, and the left parahippocampal gyrus/ amygdala and middle frontal gyrus. Patients with MCI ( Fig. 2B ) exhibited essentially the same pattern of hypoperfusion as seen in the AD group, although the effect was comparatively weaker and less pervasive. The OCN group (Fig. 2C ) exhibited hypoperfusion in the bilateral inferior parietal lobule, left superior parietal lobule, bilateral superior frontal gyrus, and right middle frontal gyrus. Unlike the MCI and AD groups, the mesial temporal lobe was not hypoperfused in the OCN group. There were no regions wherein the FH−APOE4− asymptomatic participants showed hypoperfusion compared with the other groups.
Family History of AD, APOE4 Status, and Alterations in CBF Within the full asymptomatic cohort, FH+ participants showed circumscribed hypoperfusion in the right superior and middle frontal cortices compared with FH− participants.
To test for parent-of-origin effects, we performed the following "planned" contrasts: 1) FH− > mFH+, 2) FH− > pFH+, 3) FH− > mpFH+, 4) mFH+ < pFH+, and 5) mFH+ < mpFH+.
Contrast 1 revealed perfusion deficits in the mFH+ group relative to the FH− group within several AD-vulnerable regions such as the bilateral hippocampus, right parahippocampal gyrus/amygdala, right supramarginal gyrus, and the superior/ middle frontal cortices bilaterally (Fig. 3A) . Contrasts 2, 3, and 5 revealed no perfusion differentials at the set threshold. Contrast 4 revealed that, compared with pFH+, mFH+ was Figure 1 . A glass brain rendering of the a priori anatomical mask utilized in this study. The mask, which was constructed using the WFU PickAtlas toolbox (Maldjian et al. 2003) , included the bilateral superior and middle frontal cortices, superior and inferior parietal lobules, precuneus, posterior cingulate, parahippocampal gyrus, amygdala, and hippocampus. The left side of the image is the left side of the brain. associated with hypoperfusion in the left hippocampus and parahippocampal gyrus, bilateral supramarginal gyri and superior frontal cortices, and right middle/medial frontal gyrus (Fig. 3B) . These findings are summarized in Table 3 . There were no significant findings when the reverse hypotheses were tested (e.g. mFH+ > pFH+). Cerebral perfusion did not significantly differ between APOE4 carriers and noncarriers. As supplementary analyses, we then explored the additive effect of FH and APOE4 status on CBF by creating the following 4 groups: FH− and APOE4− (FH−APOE4−, n = 59); FH− and APOE4+ (FH−APOE4+, n = 16); FH+ and APOE4− (FH+APOE4−, n = 89); and FH+ and APOE4+ (FH+APOE4+, n = 88). With FH−APOE4− as reference, there was no evidence of hypoperfusion in the FH− APOE4+ or FH+APOE4− groups. In contrast, the FH+APOE4+ group exhibited hypoperfusion in a large cluster comprising the left medial superior frontal gyrus and bilateral superior/ middle frontal cortices (voxels = 6069, T max = 4.00, P voxel < 0.001, x, y, z = −8, 36, 62), in the right supramarginal gyrus/ superior parietal lobule (voxels = 316, T max = 3.03, P voxel = 0.001, x, y, z = 64, −20, 48), and the right hippocampus (voxels = 101, T max = 2.99, P voxel = 0.002, x, y, z = 20, −8, −12).
Associations Between CBF and Cognition
Within the asymptomatic cohort, we found that scores on 2 cognitive factors-Immediate Memory and Working Memorywere positively correlated with regional CBF. For Immediate Memory, the involved brain regions were the left precuneus and posterior cingulate, and the right superior parietal lobule. For Working Memory, the association was spread over a large cluster involving bilateral precuneus and left posterior cingulate, with additional clusters in the bilateral inferior parietal lobules and middle frontal gyri. No negative associations were detected. These results are shown in Table 4 and displayed in Figure 4 .
Sensitivity Analyses
Given the possibility that our CBF findings may have been influenced by group differences in GM volume (i.e. GM atrophy), we performed follow-up "sensitivity analyses" to determine whether and to what extent our initial CBF findings were altered after taking such GM differentials into account. Accordingly, the sensitivity analyses consisted of 2 classes of inquiry. First, we implemented voxel-based morphometry (VBM) routines in SPM8 to assess whether there were, indeed, GM differences among the groups. Secondly, we repeated the initial CBF analyses while additionally adjusting for local GM volume (on a voxel-wise level)-using the biological parametric mapping (BPM) toolbox of SPM (Casanova et al. 2007 )-to ascertain the robustness of those initial findings. Both sets of sensitivity analyses (i.e. VBM and BPM) were only performed for the 2 primary analyses of this study-the examination of CBF differences across the AD spectrum and the investigation of parent-of-origin effects on CBF. Methodological details for the VBM and BPM analyses are presented in Supplementary Material.
VBM Results
Compared with the FH−APOE4− group, the AD group showed GM reduction in a large cluster comprising the Figure 2 . Three-dimension rendering of regional hypoperfusion in the AD (A), MCI (B), and OCN (C) groups compared with the FH−APOE4− asymptomatic participants. The panels demonstrate (i) progressively pervasive parietofrontal hypoperfusion across the AD spectrum, from OCN to AD, and (ii) hippocampal hypoperfusion in the MCI and AD groups but not the OCN group. The coronal inserts to panels A and B display the hippocampal signal in the MCI and AD analyses (blue ellipse in the left medial view). There were no regions of hyperperfusion in the AD, MCI, or OCN groups compared with the FH−APOE4− asymptomatic group. Analyses were adjusted for age, sex, and post-labeling delay. Results were thresholded at P voxel <0.005 and minimum of 101 contiguous voxels, based on Monte Carlo simulations (3dClustSim, AFNI, http://afni.nimh.nih.gov). AD = Alzheimer's disease; aMCI = amnestic mild cognitive impairment; OCN = older cognitively normal adults; FH−APOE4− = having neither a FH of AD nor carrying the varepsilon 4 allele of the apolipoprotein E gene.
bilateral precuneus, bilateral posterior cingulate cortex, and the left inferior parietal lobule, as well as in the left amygdala/hippocampus, the right superior/inferior parietal lobules, the right amygdala/hippocampus, and the right inferior parietal lobule. The MCI group exhibited reduced GM volume along the long axis of the left hippocampus, the right amygdala/hippocampus, and the left supramarginal gyrus. The OCN group only had reduced GM volume in a single cluster within the left inferior parietal lobule.
For the parent-of-origin analyses, the FH− > mFH+, FH− > pFH+, and FH− > mpFH+ contrasts did not reveal any GM differentials at the set threshold. The mFH+ group exhibited reduced GM volume in the right precuneus/posterior cingulate relative to the pFH+ group. They also had less GM volume than the mpFH+ group in the right hippocampus/ parahippocampal gyrus. These VBM findings are detailed in Supplementary Tables S1 and S2 and illustrated in Supplementary Figures S1 and S2.
BPM Results
Upon voxel-wise adjustment for GM, the AD patients demonstrated hypoperfusion over the entire span of the anatomical mask (i.e. search region) relative to the FH−APOE4− group.
Because the structures within the anatomical mask broadly segregate into frontal and temporoparietal regions, the AD analysis yielded 2 vast clusters with respective peaks in the left inferior parietal lobule and the right middle frontal gyrus. Similarly, the MCI patients showed pervasive-albeit comparatively attenuated-hypoperfusion across almost the entire mask, separated into 4 clusters with respective peak effects in the left inferior parietal lobule, the left middle frontal gyrus, the left parahippocampal gyrus, and the right parahippocampal gyrus. The OCN group exhibited hypoperfusion in the left inferior parietal lobule, the right inferior parietal lobule, and the left superior frontal gyrus. In contrast to the MCI and AD groups, the OCN group showed no mesial temporal hypoperfusion when compared with the FH−APOE4− group.
In the parent-of-origin analyses, only the FH− > mFH+ and mFH+ < pFH+ contrasts yielded significant findings. Specifically, the mFH+ group exhibited lower perfusion compared with the FH− group in the right superior frontal cortex, the left medial superior frontal gyrus, the right hippocampus, the right supramarginal gyrus/superior parietal lobule, the left middle frontal cortex, the left hippocampus, and the left superior frontal cortex. The mFH+ group also exhibited lower perfusion compared with the pFH+ group in the left hippocampus/parahippocampal gyrus. The FH− > pFH+, FH− > mpFH+, and mFH+ < mpFH+ contrasts did not reveal any CBF differentials. In summary, the essence of our original CBF findings persisted upon performing "atrophy correction," suggesting that those initial findings were not primarily driven by GM differentials among the groups. These GM-adjusted CBF findings are presented in Supplementary Tables S3 and  S4 and illustrated in Supplementary Figures S3 and S4 .
Discussion
In this study, we replicated the existence of a temporoparietofrontal pattern of hypoperfusion among persons with MCI and AD (Johnson et al. 2005; Chen, Wolk, et al. 2011; Musiek et al. 2012 ). We extended these prior studies by including both a middle-aged and an OCN cohorts, and showing that whereas parietofrontal hypoperfusion is also seen among OCN individuals-and, thus, possibly linked to general cerebral aging-hippocampal hypoperfusion was only evident within the AD and MCI cohorts and, thus, appears specific to the AD process. It is important to note, however, that the perfusion differences between the middle-aged reference group and the OCN group may not be exclusively attributable to aging. Rather, it may reflect a combination of aging, FH of AD, and APOE4 effects given that the middle-aged reference group (i.e., FH−APOE−) differed from the OCN group on all 3 factors.
The key finding from this study, however, is that, among cognitively healthy middle-aged adults, maternal history of AD selectively predisposes to cerebral perfusion deficits. This hypoperfusion was particularly evident in AD-sensitive structures within the mesial temporal lobe and in parietal and frontal heteromodal association cortices. The apparent absence of comparable hypoperfusion among persons with paternal or "bi-parental" history of AD suggests that this phenomenon might be specific to maternally transmitted AD. Furthermore, it is noteworthy that our mFH+ participants exhibited hypoperfusion in the hippocampal region, akin to the MCI and AD groups, whereas the OCN group did not demonstrate such hypoperfusion. This further raises suspicion that the hypoperfusion demonstrated by the mFH+ group might signal incipient AD, although longitudinal observation would be necessary to firmly establish this postulation. We did not observe associations between APOE4 and cerebral perfusion. However, we found evidence for possible FH and APOE4 additivity such that, compared with persons with neither risk factor, persons with both risk factors had diminished perfusion primarily in frontal regions, but also in the supramarginal gyrus and hippocampus (Johnson et al. 2006; Bendlin et al. 2010) . When the original CBF analyses were repeated while adjusting for potential differences in GM between the groups, the original pattern of findings persisted, suggesting that the findings were not accounted for by differential GM "atrophy" across the groups. An accumulation of empirical findings now strongly suggests that, not only is maternal transmission of AD more prevalent than paternal transmission (Bassett et al. 2002; Gomez-Tortosa et al. 2007) , but that having an AD-affected mother is preferentially associated with cognitive deterioration in later life (Debette et al. 2009 ) and a lower and more predictable age of AD onset in the children (Gomez-Tortosa et al. 2007) . Although the precise pathophysiological mechanisms by which maternal history of AD affects cognitive function and risk of AD in the offspring have been elusive and remain largely unknown, a series of recent studies has begun to shed light on possible pathways. Mosconi and colleagues reported that, among cognitively normal older adults, having a mother affected with AD was selectively associated with reduced (Mosconi et al. 2007 ) and progressively diminishing (Mosconi et al. 2009 ) glucose metabolism, increased aggregation of fibrillar β-amyloid (Mosconi, Rinne, et al. 2010) , increased levels of oxidative stress markers (Mosconi, Glodzik, et al. 2010) , and reduced platelet mitochondrial cytochrome oxidase activity (Mosconi et al. 2011) . Similarly, another research group found that GM volume was reduced (Honea et al. 2010 ) and progressively atrophied (Honea et al. 2011 ) in persons with a maternal family history of AD compared with those with either a paternal or no family history of AD. Our study adds to this growing body of knowledge by demonstrating cerebral hypoperfusion in cognitively healthy middle-aged adults at a mean age of 59 years-up to 15 years earlier than the mean age of participants in these other asymptomatic cohorts-as a consequence of having an AD-affected mother. There is currently some evidence to suggest that the genetic basis for maternal transmission of AD is through mitochondrial DNA and associated oxidative damage (Lin and Beal 2006) . While this possibility offers exciting biomolecular grounding for the previously reported associations between maternal AD and cerebral hypometabolism (Mosconi et al. 2007 (Mosconi et al. , 2009 , and now cerebral hypoperfusion, a more comprehensive exploration of this linkage would be beyond the scope of the present study.
Although FDG-PET has demonstrated excellent promise for use in the diagnosis of AD and tracking of disease progression (Jagust et al. 2010) , its widespread use has been hampered by several factors including expense, radiation exposure, length of protocol (∼1 h), and perceived invasiveness. Consequently, because of the generally tight coupling of cerebral perfusion to metabolism, there has been considerable interest in determining the extent to which ASL may serve as a viable alternative to FDG-PET, especially because ASL is essentially free of the barriers that have hindered a more universal applicability of FDG-PET . In light of this, another important finding from our study is the observation that the pattern of hypoperfusion exhibited by our mFH+ participants is distinctly similar to the pattern of hypometabolism that was attributed to maternal history of AD in an earlier FDG-PET study of cognitively normal elders (Mosconi et al. 2007 ). In addition, the patterns of hypoperfusion we observed in our MCI and AD cases equally mirrored well-documented patterns of regional hypometabolism in these patient groups (Choo et al. 2007; Li et al. 2008; Chen et al. 2010; Chen, Ayutyanont, et al. 2011) . Taken in combination with findings from other studies that have performed more direct comparisons of ASL with FDG-PET (Chen, Wolk, et al. 2011; Musiek et al. 2012) , our results provide added validation of the potential role that ASL could play in AD case finding, particularly in the "early identification of persons at risk" for AD. Such early identification would greatly facilitate targeted intervention with disease-modifying therapeutics when such treatments become available.
Within the asymptomatic cohort, we found that regional CBF in 2 cortical midline structures-precuneus and posterior cingulate-were positively associated with performance on cognitive measures of Working Memory and Immediate Memory, with additional contributions from lateral parietal and middle frontal cortices. These effects were mostly left-lateralized though some associations were also found in the right hemisphere. The Immediate Memory composite in our study comprised the first 2 learning trials of the Rey Auditory Verbal Learning Test, a word-list learning task. Therefore, Immediate Memory putatively taps cognitive mechanisms necessary for holding (and manipulating) information in attentional space for a relatively brief period of time, such as controlled-strategic processing (Wolk and Dickerson 2011) . The component tests in our Working Memory index are classic cognitive measures that assess online monitoring and manipulation of information. Lesion studies going back several decades have established the critical role that parietofrontal networks play in attention and working memory (Muller and Knight 2006) . More recently, experimental task functional MRI (fMRI) studies have consistently shown selective activations in these brain regions when research subjects perform attentional and working memory tasks (Corbetta and Shulman 2002; Champod and Petrides 2007) . Our CBF-Cognition findings are, thus, very intriguing because they suggest that, despite the separation in time between the ASL scan and cognitive assessment, blood flow at rest bears a similar relationship with cognition as is observed when the brain is subjected to targeted mental challenges under experimental manipulation. Indeed, there is now increasing appreciation that fMRI task-related activations might be modulated by baseline CBF (D'Esposito et al. 2003; Fleisher et al. 2009 ).
We observed, with great interest, that when we initially collapsed the mFH+, pFH+, and mpFH+ groups into a FH+ group, we only found rather minimal hypoperfusion in this FH+ group when compared with the FH− group. When we performed the preplanned parent-of-origin analyses, this initial finding was shown to be driven by the lack of perfusion differential in the pFH+ and mpFH+ groups relative to the FH− group. However, we note that the relatively modest size of the mpFH+ group-which likely resulted in reduced power to detect present effects-precludes definitive assertions concerning associations between "conjugal AD" and cerebral perfusion (Jayadev et al. 2008) . We have now examined parent-of-origin effects in the WRAP cohort using structural MRI (Okonkwo et al. 2012) , diffusion tensor imaging (DTI; Bendlin et al. 2010) , and presently ASL. Effects have been observed with DTI and ASL modalities, but not with standard T 1 volume (although in the present study, in which our participants are now older than in our prior reports, we found very circumscribed regional GM loss in the mFH+ group compared with the pFH+ and mpFH+ groups). This difference in findings when using DTI/ASL vis-à-vis structural T 1 is likely because DTI and ASL are more sensitive during this asymptomatic stage as they measure physiologic processes and may be more direct indicators of neural integrity and function than volumetric imaging. Overall, then, while parent-of-origin effects may not be ubiquitous, our findings and those of other groups (Mosconi et al. 2007; Honea et al. 2010 ) suggest that they deserve consideration whenever feasible. Finally, although space limitation precluded the presentation of the data, it is worth noting that absolute CBF varied significantly as a function of age, sex, and post-labeling delay in the asymptomatic cohort (with older age, male sex, and longer post-labeling delay being associated with lower CBF), though not among the groups of older persons recruited from the WADRC possibly due to a smaller sample size. All analyses presented in this paper adjusted for these variables, and future ASL studies might similarly wish to take these factors into consideration in their study design and data analyses (Shin et al. 2007; Liu et al. 2011) .
We note that an earlier pulsed ASL study (Fleisher et al. 2009) found that cognitively healthy middle-aged adults who were APOE4+ and had a FH of AD ("high-risk group," n = 13) exhibited increased resting CBF in the hippocampal region compared with cognitively healthy middle-aged adults without either risk factor ("low-risk group," n = 10). The discordance between this group's finding and our present report may be due to differences in image acquisition ( pulsed vs. pseudocontinuous ASL), data analytic methodology (no correction for global perfusion vs. global scaling), and sample size (n = 23 vs. 252). In addition, their high-risk group contained more women (78%) than their low-risk group (50%). As we described above, and as reported in prior studies (Shin et al. 2007; Liu et al. 2011) , resting CBF appears to be generally higher in women compared with men. A couple other studies Dai et al. 2009 ) have also found surprising hyperperfusion in patient groups when compared with age-matched cognitively normal peers. As with the Fleisher study (Fleisher et al. 2009) , it is likely that methodological differences across studies account for the disparity in reported findings (e.g. our reference group [FH−APOE4−] was much younger and had no family/genetic risk for AD compared with the reference group in these other 2 clinical studies). We believe that more consistent findings across studies will emerge as the ASL technique further matures and the acquisition/data analytic procedures become better standardized.
In summary, this study adds to the growing empirical literature showing that 1) ASL CBF is sensitive to AD-related brain perfusion changes and holds promise as a noninvasive means of assessing cerebral function in symptomatic and asymptomatic at-risk cohorts, and 2) a history of an AD-affected mother might predispose some cognitively normal individuals to early cerebral alterations and eventual dementia. Although the findings in our asymptomatic cohort may not fully generalize to the general population given the unique characteristics of the cohort (e.g. 70% have a FH of AD), we believe that continued follow-up of the cohort will be of great value and would help determine whether the observed hypoperfusion is related to prospective clinical decline rather than being a stable trait marker. Such associations with future decline would further establish the utility of perfusion deficits as a candidate endophenotype of preclinical AD, particularly in at-risk populations.
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